Most people who have 2009 H1N1 influenza are advised to stay home until they have been afebrile for at least 24 hours. 4 This practice puts other household members, who care for the patient when he or she is most infectious, at risk for infection. But so far, neither this risk nor the potential risk factors for transmission have been evaluated in the case of 2009 H1N1 influenza.
In this article, we analyze data that describe patients with probable or confirmed cases of 2009 H1N1 influenza, and their household contacts, in the United States and characterize the risk factors for transmission in the household, as well as key transmission characteristics of the virus.
The household data that are considered here also provide an insight into the way that susceptibility to infection varies with age. Although 60% of the reported cases of 2009 H1N1 influenza in the United States have involved persons who were 18 years of age or younger, 3 this age distribution might be partly explained by a potential case-ascertainment bias, since children may be tested more often than adults, or by the importance of school clusters in the early phase of the outbreak (with an expected spread to other age groups at a later stage). 3 However, household contacts of patients with reported infection are expected to be less affected by such case-ascertainment bias.
Household studies are also perhaps the most reliable source of data for estimating the serial interval of the disease -the time between the onset of symptoms in a case patient and the onset of symptoms in the household contacts they infect (see the Supplementary Appendix, available with the full text of this article at NEJM.org). Serial-interval estimates are needed to characterize the likely speed at which an epidemic spreads, to inform recommendations with respect to the period of time that patients should stay home, and to estimate the effect of delays in treatment on transmission.
Me thods

Data Collection
We defined a case patient as a person with a body temperature of more than 37.8°C (100°F) and cough or sore throat who was positive for the 2009 H1N1 virus, as assessed with the use of a reverse-transcriptase-polymerase-chain-reaction (RT-PCR) assay (confirmed case) or who was positive for influenza A virus but negative for human H1 and H3 serotypes, as assessed with the use of RT-PCR (probable case). 5 The RT-PCR assays used for characterizing cases as confirmed or probable were developed by the Centers for Disease Control and Prevention (CDC) (see the Supplementary Appendix).
In the early phase of the epidemic (April 29 to May 25, 2009), state health departments were asked to report all probable and confirmed cases to the CDC in Atlanta with the use of a standardized case-report form. Persons with illness that met the definition of a probable or confirmed case were contacted by staff members of state and local health departments and interviewed by telephone or in person with the use of the standardized case-report form. Case-report forms were faxed to the CDC or transmitted through the password-protected online reporting system developed by the CDC. The case-report form included the following data on the patient: age, symptoms (fever, defined as a body temperature >37.8°C, feverishness, cough, runny nose, sore throat, diarrhea, or vomiting), date of the onset of symptoms, and underlying conditions.
We defined the index patient as the person who was the focus of the case-report form. A section of the case-report form was dedicated to information on household members, who were defined as the index patient plus any person who had stayed overnight in the house at least one night within 7 days before or after the date of symptom onset in the index patient. The number of household members was documented, along with the following information on each household contact: age, date of the onset of symptoms, and the symptoms (fever, feverishness, cough, sore throat, runny nose, or diarrhea) that occurred within 7 days before or after the onset of symptoms in the index patient. Because 2009 H1N1 influenza is a nationally notifiable disease, written informed consent from case patients was not required.
Clinical Outcome
An acute respiratory illness was defined by the presence of at least two of the following symptoms: fever or feverishness, cough, sore throat, and runny nose. An influenza-like illness was defined by the presence of fever or feverishness plus cough, sore throat, or both. There was no systematic confirmation of cases of acute respiratory illness or influenza-like illness.
Statistical Analysis
We assumed that if an acute respiratory illness developed in a household contact of an index patient with 2009 H1N1 influenza, the household contact was infected with the 2009 H1N1 virus. Two statistical approaches were used to characterize the onset of acute respiratory illness in household contacts in the 7 days after the onset of symptoms in the index patient. The analysis was restricted to households of the most common size (two to six members) in which the index patient was the first case patient in the household and information on symptoms and age was complete for all household members.
Logistic models involving generalized estimating equations to account for household clustering were used to evaluate the potential risk factors for transmission: the age group of the index patient, the age group of the household contact, confirmed or probable influenza status of the index patient, the use or nonuse of antiviral medication by the index patient, household size, need or no need for hospitalization of the index patient, and symptoms in the index patient (cough, runny nose, sore throat, diarrhea, or vomiting). Households in which at least one household contact had an onset of symptoms on the same day as the onset of symptoms in the index patient (termed coprimary cases) were excluded from this analysis.
The logistic generalized-estimating-equation model makes the assumption that all the sick contacts were infected by the index patients. However, sick contacts may have been infected through contact with members of the wider community (community infections) or by other sick household members (tertiary infections). In addition, analyses are complicated by censoring, in that the follow-up of the household may have ended before secondary cases with long serial intervals could be identified. A statistical model that was specifically developed to correct for those potential biases was used to estimate the transmission characteristics of the virus (see the detailed description of this model in the Supplementary Appendix). The approach uses the sequence of symptom onset along with household demographic characteristics to infer serial intervals, community hazards of infection, and personto-person hazards of transmission and to investigate the way in which the hazard of transmission may be affected by the following covariates: the age group of the case patient, the age group of the household contact, household size, and symptoms in the case patient (fever, cough, runny nose, sore throat, or diarrhea). It is assumed that there is a time lag of at least 1 day between the onset of symptoms in a patient and the onset of symptoms in the people they infect. The results of an extensive sensitivity analysis investigating the robustness of the results with respect to modeling assumptions are presented in the Supplementary Appendix.
The parameters of the transmission model were estimated with the use of Bayesian Markov chain Monte Carlo sampling. We report the posterior median and 95% credible interval of the parameters. The likelihood-ratio test and the deviance information criterion 6 were used for the comparison of models and assumption testing. The adequacy of the model was also tested with the use of a simulation-based chi-square test comparing observed and expected distributions of the number of cases per household size.
In the descriptive analysis, relative risks were computed with the use of a log-binomial generalized-estimating-equation model accounting for household clustering. All reported P values are two-sided and were not adjusted for multiple testing.
The secondary attack rate was defined as the proportion of household contacts in whom the onset of symptoms occurred within 7 days after the onset of symptoms in the index patient. These (41) 9 (35) 24 (45) 193 (42) 111 (38) 17 (47) Confirmed 549 (59) 17 (65) 29 (55) 262 (58) 184 (62) 19 (53) Clinical symptoms -no. (%)
Fever or feverishness 860 (92) 26 (100) 51 (96) 422 (93) 268 (91) 28 (78) Cough 806 (86) 21 (81) 43 (81) 378 (83) 266 (90) 34 (94) Sore throat 554 (59) 9 (35) 16 (30) 294 (65) 179 (61) 16 (44) Runny nose 452 (48) 14 (54) 25 (47) 218 (48) 147 (50) 15 (42) Vomiting 204 (22) 10 (38) 13 (25) 119 (26) 40 (14) 8 (22) Diarrhea 162 (17) 6 (23) 7 (13) 76 (17) 50 (17) 7 (19) Hospitalization -no./total no. with data (%) 65/902 (7) 6/26 (23) 4/52 (8) 19/443 (4) 25/286 (9) 5/34 (15) (2) 1 (3) Asthma -no. (%) 110 (12) 2 (8) 6 (11) 63 (14) 27 (9) 5 (14) * Data on age were available for 865 patients. The median age of the index patients was 15 years. ICU denotes intensive care unit. 
Sore throat 50 (8) 5 (12) 15 (8) 28 (9) 2 (4) Runny nose 42 (7) 7 (18) 16 (9) 17 (5) 2 (4) Diarrhea 18 (3) 3 (8) 8 (4) 7 (2) 
Household Contacts
A total of 533 of the 938 households with index patients (57%) had two to six household members (74 had seven or more); 331 index patients listed no household contacts. In 216 of these 533 households (41%), the index patient was the first case patient in the household and there was no missing information on symptoms or age for any household member. Table 2 shows the demographic and clinical characteristics of the household contacts for this subgroup of households. Among the 600 household contacts of the 216 index patients included in the analysis, 78 (13%) had an acute respiratory illness and 60 (10%) had an influenza-like illness. There were 156 households (72%) in which an acute respiratory illness developed in none of the household contacts, 46 households (21%) in which an acute respiratory illness developed in one contact, and 14 households (6%) in which an acute respiratory illness developed in more than one contact ( Table 3) . The descriptive analysis suggests that household contacts who were 4 years of age or younger and those who were 5 to 18 years of age were at significantly higher risk for acute respiratory illness and for influenza-like illness than were contacts who were 19 to 50 years of age; the risk did not differ significantly between those who were older than 50 years of age and those who were 19 to 50 years of age (Table 1) . Whereas the median age of household contacts was 26 years, the median age of patients with secondary cases of acute respiratory illness was 16.5 years, and the median age of patients with secondary cases of influenzalike illness was 14.5 years.
Analysis of Secondary Cases
The effects of age and household size are confounded: the secondary attack rate for acute respiratory illness decreased with the size of the household, from 28% among households with two members to 9% among households with six members (Fig. 1A) , and the secondary attack rate for influenza-like illness decreased with the size of the household, from 23% among two-member households to 4% among six-member households, although the proportion of children increased with the household size (Fig. 1A ). The transmission model was used to disentangle the separate effects of the covariates. It was estimated that household members who were 18 years of age or younger were more susceptible by a factor of two than those who were 19 to 50 years of age (relative susceptibility to acute respiratory illness, 1.96; 95% credible interval, 1.05 to 3.78; P = 0.005) and that household members who were older than 50 years of age were significantly less susceptible than adults who were 50 years of age or younger (relative susceptibility to acute respiratory illness, 0.17; 95% credible interval, 0.02 to 0.92; P = 0.03) (Fig. 1B , and Table SM1 in the Supplementary Appendix). In addition, children and older adults were found to be as infectious as younger adults (P = 0.13) ( Table SM9 in the Supplementary Appendix). Fever, cough, sore throat, runny nose, and diarrhea were not significantly associated with increased infectivity (Table SM9 in the Supplementary Appendix). The analysis also showed that the person-to-person hazard of transmission in the household decreased substantially with the size of the household (Fig. 1C) . The fit of the model to the data, with respect to the numbers of observed and expected cases, was good (P = 0.98) ( Table 3) . These findings were consistent with the results of logistic-regression models. A logistic generalized-estimating-equation model built with a forward-selection procedure identified the age of the household member and the size of the household as the key risk factors for the onset of acute respiratory illness in exposed household members (Table 4) . After adjustment for these variables, the inclusion of the other potential risk factors that were considered did not significantly improve the fit of the model to the data. Empirically, the mean interval between the onset of symptoms in the index patient and the onset of symptoms in the household contacts in whom acute respiratory illness developed was 2.9 days if coprimary cases were excluded and 2.4 days if they were included ( Fig. 2A) . With the transmission model that accounted for tertiary and community cases, the mean serial interval (i.e., the interval between the onset of symptoms in a case patient and the onset of symptoms in the household contacts who were infected by that patient) was 2.6 days (95% credible interval, 2.2 to 3.5), with a standard deviation of 1.3 days (95% credible interval, 0.9 to 2.4) (Fig. 2B ).
Discussion
We found that children were twice as susceptible to infection with the 2009 H1N1 virus from a household member as adults 19 to 50 years of age and that adults older than 50 years of age were less susceptible than younger adults. This suggests that the young age distribution that was observed among reported cases in the community (the index patients in our study) was not an artifact resulting from case-ascertainment bias. In addition, our findings are consistent with serologic analyses of the 2009 H1N1 virus suggesting that there are some preexisting pandemic H1N1 immune responses in the elderly; these are present to a lesser extent in younger adults but are rarely present in children. 7 Susceptibility as measured in this analysis captures social and hygienic, as well as biologic, determinants.
Previous studies showed that infectivity was greater among children than among adults during seasonal influenza outbreaks [8] [9] [10] [11] and during the 1957 pandemic, 12-14 but the difference was not as pronounced during the 1968 pandemic. 13 However, our analysis did not provide evidence that infectivity was associated with the age of the patient, although the index patients in our analysis may not represent an unbiased sample of all community patients. No symptom was found to be significantly associated with increased infectivity; but the power to detect a difference was low in the case of some symptoms, since some of the symptoms were highly prevalent; for example, almost all cases (92%) involved cough.
The average secondary attack rates (13% for acute respiratory illness and 10% for influenzalike illness) were at the lower end of the range of rates that are seen with seasonal influenza (for which the range is 10 to 40% 8, [15] [16] [17] [18] [19] ), but in households with two members, the rates could be as high as 28% for acute respiratory illness and 23% for influenza-like illness. Our estimates of transmissibility in households, which are lower than estimates from previous pandemics 12- 14 and show a strong association with age, are consistent with and complement findings from analyses of transmissibility in the early phase of the epidemic in Mexico, which were based on aggregate population data. 20 In a household study of seasonal influenza in France, the secondary attack rate was found to be approximately constant with household size. 8 In our study, there was a relatively sharp reduction in secondary attack rates between households with two members and those with four members, after which secondary attack rates were approximately constant (Fig. 1A) . These differences are intriguing and highlight the fact that the sociologic, environmental, and biologic mechanisms available to explain the relationship between secondary attack rates and household size are still limited.
In a sensitivity analysis (see the Supplementary Appendix), we found that key findings were robust with respect to changes in the main modeling assumptions. The age patterns observed in the data cannot be explained solely by a difference between community risks for adults and children. The key findings would be unchanged if the case definition were influenza-like illness rather than acute respiratory illness, although the transmission rates would be somewhat lower.
Studies that rely on the identification of an index patient in the household have important limitations. First, index patients may have more severe symptoms than are usual with the illness, and given that severity may be predictive of transmission, estimates may not be representative of typical cases. Second, ascertainment of households may be subject to selection bias; households may be more likely to enter a study if they have more cases, a factor that would also upwardly bias the secondary attack rate. To reduce the potential of this bias to affect the estimates in our study, we excluded households in which the index patient was not the first case patient in the household. Although our analysis controls for a range of covariates, other important covariates may be missing (e.g., coexisting conditions or antiviral treatment or prophylaxis in household contacts). If any of these covariates are correlated with age, for example, there might be a confounding of the effects of age on the risk of transmission.
Censoring of the data is another limitation. In our study, the duration of household followup was only 7 days. Although our estimation procedure accounts for this censoring, it does so by assuming a functional form for the serial interval distribution, which determines the probability associated with the (unobserved) tail of the distribution. Our estimates of the serial interval should be interpreted in this light.
Although these limitations are important, it would be difficult to investigate household transmission at such an early stage of the pandemic with alternative "community study" designs, in which a cohort of households is recruited before infection of any of their members and is followed throughout the course of the pandemic. Such a study would require very large numbers of households to achieve sufficient power for inference.
Another limitation of our study is that secondary cases were not confirmed by laboratory testing. It is therefore likely that some of the secondary cases were not cases of 2009 H1N1 influenza. Conversely, some of the household contacts with symptoms that did not meet the definition of acute respiratory illness or influenzalike illness were likely to have had 2009 H1N1 influenza. In general, the positive predictive value of acute respiratory illness for 2009 H1N1 influenza infection in persons who are not epidemiologically linked to a case patient is expected to be low. However, the probability that an acute respiratory illness is caused by the 2009 H1N1 virus is expected to be higher when the onset of symptoms occurs only a few days after the onset Panel A shows the observed probability that symptoms of acute respiratory illness will develop in a household member, according to the number of days after the onset of symptoms in the index patient. Household members in whom symptoms developed on the same day that symptoms developed in the index patient (i.e., 0 days since onset in the index patient) are termed coprimary case patients. Panel B shows the distribution of the serial interval (i.e., the interval between the onset of symptoms in a case patient and the onset of symptoms in the household contacts infected by that patient). This interval was estimated with the transmission model, which adjusted for tertiary infections, community infections, and censoring of the data. The estimated distribution is based on the assumption that the minimum time between the onset of symptoms in a case patient and the onset of symptoms in household contacts infected by that patient was 1 day.
of symptoms in a household case patient with laboratory-confirmed 2009 H1N1 influenza. It is possible that the lack of laboratory confirmation of secondary cases biases the estimates of susceptibility among children, for example, if children are more likely than adults to receive a false positive clinical diagnosis of 2009 H1N1 influenza.
The epidemiologic factors estimated here should inform recommendations regarding the isolation and quarantine of infected patients and permit the effect of early treatment versus delayed treatment to be estimated. 21, 22 Our estimates of age-specific susceptibility also provide useful information for guiding public health policies that target specific age groups -policies such as school closures and vaccination efforts. In particular, our results underscore the critical role children play in the unfolding pandemic.
